Abstract: A novel thermal-optical phase modulation structure based on polymer/silica hybrid waveguide is proposed. Patterned graphene strip is introduced as electric nanoheater in the structure. Finite element method simulation is performed on both thermal and optical field analysis. Results show that response speed is improved by a factor of three and power consumption is reduced by half, in comparison with conventional state-of-art polymer-based phase shifter. This proposed structure is compatible with current complementary metaloxide-semiconductor power supply standard and has very large design robustness. It shows great application potential on low-power optical switch, modulator and polymer thermaloptical phase arrays.
Introduction
Polymer based Planar Lightwave Circuit (PLC) is a very promising platform for applications in highspeed fiber-optical data communications and telecommunications [1] - [5] . Polymer PLC devices based on thermal-optical (TO) effect have been intensively studied during the last decade [6] - [10] . Typical applications include variable optical attenuators [11] , optical switches [12] , thermal optical resonant filters and optical phase modulators [13] , [14] .
The general idea of TO devices is tuning refractive index of material of particular area by changing local temperature, so that opt-electric performances of the devices are tuned accordingly. Conventionally, a metallic heater is situated above (or neighboring) the waveguide, where temperature elevation can be achieved through the Joule effect. Fig. 1(a) shows the cross-section of conventional polymer hybrid TO devices. For these types of structures, polymer waveguide is firstly fabricated on a Si/SiO2 substrate (in this case, SU8 is employed as the waveguide core material). Another type of polymer (PMMA in this case) is then introduced as upper-cladding layer. Finally, a metallic heater is patterned on the upper-cladding layer. The whole structure operates and produces a phase modulation when the metallic heater is powered on and heat is transferred from the heater to the polymer waveguide core.
A great drawback of such structure is that the upper-cladding layer has to be thick enough (usually around 2 μm) to prevent light absorption from the heater. Considering the small heat conductivity of most polymer materials, this upper-cladding layer would greatly reduce the TO devices' response speed and heating efficiency.
Graphene, the most renowned material, has attracted significant attention since it was born. It has been extensively investigated for many of its extraordinary properties [15] - [25] . Among them, high intrinsic thermal conductivity [26] , [27] , optical transparency and mechanical flexibility [28] - [30] make graphene a very promising candidate to improve the performances of current TO structure on PLCs.
Several studies have been done to overcome the drawback of the conventional TO structures on many different platforms by introducing graphene material. Yue Sun et al. have proposed a TO MZI optical switch structure by using graphene layer as a heat transfer layer on polymer PLC platform [31] . Longhai Yu et al. have proposed and fabricated a TO micro-disk resonator by using graphene layer as a heater on Si platform [32] . Sheng Gan et al. have proposed and fabricated a TO micro-ring modulator on platform which introduces graphene layer as a nano-heater [33] .
In this paper, a new structure and related fabrication process of TO device with assistance of graphene layer on polymer based PLC platform is proposed. This structure is, to the best of our knowledge, the first structure that directly introduce graphene material as nano-heater on PLC platform. A polymer/silica hybrid TO MZI optical switch based on this new structure is designed. Finite Element Method (FEM) analysis is performed on both thermal and optical field distributions. Simulation results compare both the proposed structure and conventional polymer based TO structure, in terms of response speed and power consumption efficiency. According to the results of simulation, TO optical switch with the proposed structure is three times faster in response speed than that of the conventional structure, while consumes only half of power. The proposed structure is then further studied. Design tolerance and device compatibility with current commercial standard of Complementary Metal-Oxide-Semiconductor (CMOS) power supply are discussed. Fig. 1(b) illustrates the structure proposed in this paper. Graphene nano-heaters is deployed inside the polymer waveguide core. On contrary to conventional structure, polymer cladding layer is not necessarily required in this structure. A new process flow is also developed to fabricate the proposed structure, as shown in Fig. 2 . A slab of polymer(SU8) labeled as L1 is first spin-coated and cured on silicon substrate. Graphene layer is then transferred on L1. Photo-resist(AZ-701) is coated on graphene layer and lithography is performed. Graphene layer is then etched and photo-resist is removed. When the graphene nano-heater layer is patterned, another thin slab of polymer(SU8) labeled as L2 is coated and patterned using lithography. L2 is used as a dielectric separation layer. To form electrode, a layer of metal is then deposit and patterned on L2. Finally, the last polymer layer (SU8) labeled as L3 is coated, patterned by lithography to complete the formation of the ridge waveguide. All the process except graphene transfer step in this flow are standard PLC fabrication process. This will make the approach easy to adapt to the manufacturing standard.
Structure and Fabrication Process Flow

Simulation and Results
In order to evaluate the performance of the new structure, a Mach-Zehnder Interference(MZI) optical switch with 10 mm arms shown in Fig. 3 is analyzed.
The reason of implementation of rib waveguide is 1) to achieve minimum optical loss and phase disturbance and 2) to imbed graphene at center of optical mode in order to realize maximum heating efficient.
To make comparison, a group with conventional TO modulate structure is analyzed as while. We also considered the effect of upper-cladding layer, which although is not necessarily required in our proposed structure, and make it another comparison group. Since many studies have shown that air trenches, which are located around waveguide, could effectively reduce the power consumption for TO modulation [34] , structures with air trench have been added in each group. In general, six test structures in three comparison groups shown in Fig. 4 have been analyzed and compared in our simulation. The width and the height of the ridge waveguide are set to 3 μm and 1 μm, respectively. The thickness of the upper-cladding layer are set to 2 μm.
Finite Element Method on optical mode analysis is first performed. Fundamental propagation TE mode is obtained. FEM on thermal field is then performed. Heating power in each structure are set at 3 mW. Heat convection coefficient of air and ambient temperature are set to 5 W·m To analyze the simulation results quantitatively, temperature at reference points on each structure has been compared. Fig. 6 shows the comparison result in terms of temperature difference between reference points and ambient temperature. Since the reference point lies on the center of optical propagation mode, it effectively represents the temperature on the waveguide area.
As shown in Fig. 6 , the proposed structure with no upper-cladding has the highest heating efficiency. The temperature difference at the reference point is 0.6 K. The structures with both graphene nano-heater and upper cladding layer have lower heating efficiency, with a 0.48 K temperature difference at the reference point. The conventional structure with metal heater has the lowest heating efficiency. The temperature only changed 0.36 K at reference point. Among all three test groups, the structures with air trenches always show higher heating efficiency than the ones without air trenches.
Transient response comparison of TO optical switches for each test structure have been done as well. Waveguide temperature T waveguide is calculated as the average temperature of the dark blue dash line enclosed area in Fig. 5 . Refractive index variation is calculated based on the equation:
As mentioned above, the length of MZI arms is 10 mm. T that required for π phase shift is derived as 0.43 K. This is the required on/off temperature difference for the MZI optical switch. So the power on heaters are set to generate 0.43 K statistic temperature difference on waveguide area for each structure. The transient responses of such setup are shown in Fig. 7 .
According to the simulation result, the proposed structure has the fastest transient response, the rise time and fall time of which are 108.04 μs and 106.62 μs, respectively. The conventional structure with metal heater has the lowest response speed. The rise time and fall time are 293.62 μs and 293.83 μs, respectively. The structure with graphene nano-heater and PMMA upper-cladding layer also show much slower transient response than the proposed structure, which means that thermal attributes of upper cladding layer could be critical to the devices' transient performance. In addition, structures with air trenches in all three comparison groups show worse performance than the ones without air trenches.
Power consumption for an effective on/off operation of the test structures is shown in Fig. 8 . As can be seen, the proposed structure consumes almost half of power to complete full on/off operation comparing with the conventional structures. To further study the proposed structure, relationship among heating power, heater's width and temperature difference has been investigated. Fig. 9(a) illustrates the condition under which the parameters is swept and analyzed. The width W ridge and height H ridge of ridge waveguide are set to 3 μm and 2 μm, respectively. The temperature difference's dependency on W heater and heating power is shown in Fig. 9(b) .
According to the results, nano-heater with wider width consumes more heating power to achieve same temperature difference, which means narrowing the nano-heaters results in higher heating efficiency.
For a novel structure, it is also critical to check the design tolerance in terms of compatible with various commercially available CMOS power supplies. As a result, the properties of the graphene nano-heater have to be calculated and approximated first.
It is worth mentioning that various publications have reported that the optical absorption coefficient of intrinsic single-layer graphene is 2.3% [35] and integration graphene with waveguide can further push this number to 0.2 dB μm −1 [36] . Such high optical absorption coefficient of graphene is detrimental to graphene integrated PLCs, since it may result in high on-chip optical loss. Fortunately, optical absorption of graphene can be eliminated by Pauli blocking [37] , [38] . Thanks to the relatively low density of states of graphene, the Fermi level can be shifted intensely by intentional doping. When the doping of graphene is high enough to shift the Fermi level of graphene exceeding half of photon energy, graphene becomes totally transparent. In our case, doping of graphene is achieved by sandwiching graphene between polymer layers. When polymer molecules are in contact with the surface of graphene, these molecules inject carriers into graphene in order to reach thermal equilibrium, resulting in the doping of graphene [39] , [40] .
For graphene materials in such case, the relation between Fermi energy level and carrier density follows the equation [40] 
where E F is the Fermi energy level, v F = 1 × 10 6 m·s −1 is the Fermi velocity and is Planck constant.
For the incident light at wavelength of 1550 nm, the photon energy is approximately 0.8 eV.
According to Pauli blocking, E F equals to 0.4 eV. Substitute E F into equation (2), we derived n = 4.7 × 10 13 cm −2 . It is worth mentioning that this is the minimum doping level to render graphene transparent. The electric resistance of graphene nano-heater R is calculated based on the equation
where L is the length of the nano-heater that we used in our test structure, W is the width of nanoheater, which is optimized earlier, n = 4.7 × 10 13 cm −2 is the doping density of graphene, e is the elementary charge and μ is the carrier mobility of graphene. In this simulation, we assume μ = 1 × 10 4 cm 2 ·V −1 ·s −1 . The resistance R for different L and W can be calculated thereafter. Input electric current or voltage for different L and W, that MZI switch requires to complete an on/off operation, is then calculated based on the simulation results. Fig. 10 shows the relationship among L, W, input current I and input voltage V.
As shown in Fig. 10 , the range of L and W is set to 1 mm∼6 mm and 1 μm∼9 μm, respectively. The maximum driving current I max is 0.95 mA. The maximum driving voltage V max is 11.17 V. The maximum heating power is 2.32 mW. All the maximum input parameters are within the range of commercial CMOS power supply standard, which means that the proposed structures have rather good compatibility in a very wide range.
Conclusion
A novel polymer/silica based thermal-optical phase modulation structure has been proposed in this paper. In addition, related fabrication process has been introduced. Furthermore, simulations of MZI optical switches with the proposed structure and the conventional structures are conducted. Results show that the proposed structure is three times faster than the conventional structures in terms of response speed, while consumes only half of power. Design tolerance and compatibility with standard CMOS power supplies has also been investigated. It shows that proposed structure and the related devices have substantial design tolerance in terms of nano-heaters' size and rather good compatibility with commercially available CMOS power supply standard.
